We evaluated the influence of the composition and powder/water (P/W) ratio of powder-type denture adhesives (DA) based on sodium carboxymethyl cellulose (CMC-Na) and poly(methyl vinyl ether-maleic anhydride) (PVM-MA) on the strength of adhesion to acrylic resin and initial viscosity. Twenty types of DA were prepared by mixing CMC-Na and PVM-MA at various weight ratios with distilled water in P/W ratios ranging from 0.125 to 0.500. Adhesion strength and viscosity were measured using a universal testing machine and a controlled-stress rheometer, respectively. A higher percentage of CMC-Na and higher P/W ratios resulted in higher adhesion strength and viscosity. The effect of the CMC-Na/PVM-MA weight ratio on adhesion strength and viscosity was larger than that of the P/W ratio. DA with higher viscosity had higher adhesion strength. These results suggest that the adhesion strength and initial viscosity of powder-type DA can be controlled via the P/W ratio and the CMC-Na/PVM-MA weight ratio.
INTRODUCTION
Most developed countries have an aging population. The number of denture wearers is expected to increase, and thus problems related to dentures, such as anatomical restrictions, dry mouth, and psychological anxiety, will become more common. Dry mouth can be simply treated with a mouth moisturizer. In contrast, the inferior denture retention and stability caused by anatomical restrictions and psychological factors are difficult to control with conventional methods 1) . Although the use of implants is prevalent in such cases, not all patients get implants because of their oral and systemic conditions or economic situation. Denture adhesives (DA) are useful adjuncts for denture prosthesis services 2) . DA, which improve denture retention and stability, are available at pharmacies or drugstores 3) . DA can be divided into glue and liner types 4) . A glue type DA, which can be in powder, cream, sheet, or tape form, uses a water-soluble polymer as the adhesive constituent and is applied to improve the retention and stability of dentures via adhesion strength 4) . A liner type DA is a non-aqueous paste that is applied to improve the retention and stability of dentures via adsorption 4) .
According to a consensus statement from American prosthetic specialists regarding glue type DA 2) , there have been significant advances in these types of DA over the past 20 years [5] [6] [7] [8] [9] . Although the clinical significance of DA is unclear, various studies on the clinical efficacy of glue type DA have been published 10) . It has been shown that the application of DA to either well-or ill-fitting dentures leads to improvement in denture retention and wearer satisfaction [11] [12] [13] . Furthermore, a shortening of masticating cycle time and increases in occlusal force and masticating rate have been observed with DA application [14] [15] [16] . It has also been found that DA influence the retentive force of dentures worn by patients with xerostomia 17, 18) . Moreover, DA use in combination with diet therapy can lead to improvements in eating behavior by complete denture wearers 19) . Use of both powder-and cream-type DA is recommended because the thin layer of DA does not change the occlusal vertical dimension of the dentures 20, 21) .
Liner type DA (cushion form), namely home reliners, are used to fill the gap between the denture intaglio surface of ill-fitting dentures and the denture-bearing mucosa, resulting in enhanced adhesion. However, although liner type DA may temporarily improve the stability and retention of ill-fitting dentures, they have adverse effects, such as unusual bone loss of the residual ridge due to an inequitable distribution of masticatory force on the denture-bearing mucosa and malocclusion caused by DA deterioration. We previously reported that the use of liner type DA results in dramatic changes in viscoelastic properties over time and considerably high water absorption 22) . Therefore, liner type DA are not recommended for denture wearers 20, 23) .
Glue type DA contain a water-soluble polymer, such as sodium carboxymethyl cellulose (CMC-Na), poly(methyl vinyl ether-maleic anhydride) (PVM-MA), or sodium polyacrylate, as the main component 24, 25) . These polymers absorb saliva, resulting in a highly viscous layer between the denture intaglio surface and the denture-bearing mucosa, improving adhesion strength to the dentures. Powder-type DA mainly consist of water-soluble polymers and include no ointment bases. Although it is easier to remove such DA from the oral mucosa compared to cream-type DA after usage, it is difficult to obtain a consistent viscosity because of the variable quantity of water added by the patient. Cream-type DA contain petrolatum and liquid paraffin, which are ointment bases, in addition to the above components. Although several reports on the properties of commercially available DA have been published [26] [27] [28] [29] , scant information is available regarding the relationship between their mechanical properties and composition. CMC-Na and PVM-MA are the main components of glue type DA. They are the most frequently used watersoluble polymers. Therefore, in the present study, we evaluated powder-type DA, which do not contain an ointment (e.g., petrolatum and liquid paraffin), based on CMC-Na and PVM-MA mixed with water at various powder/water (P/W) ratios.
Denture retention is defined as the resistance in the movement of a denture away from its tissue foundation in a vertical direction, and denture stability is defined as that in a lateral direction. A previous study demonstrated that a higher viscosity of saliva led to higher strength of adhesion to acrylic resin, and thus higher denture retention and stability 30) . Therefore, adhesion strength to acrylic resin is an indicator of denture retention and stability. Adhesion strength is one of the most important requirements for DA as it directly affects patient satisfaction. The initial viscosity of DA can affect manipulation by users and the degree of spread on the denture-bearing mucosa during application.
The aim of the present study was to evaluate powder-type DA in terms of the effects of the composition of CMC-Na and PVM-MA and the P/W ratio on the strength of adhesion to acrylic resin and initial viscosity. We hypothesized that the composition of CMC-Na and PVM-MA and the P/W ratio influence adhesion strength and initial viscosity. In addition, we investigated whether DA with a higher percentage of CMC-Na and a higher P/W ratio have higher adhesion strength and initial viscosity.
MATERIALS AND METHODS

CMC-Na
(Lot No: SAE0740; Mw=119.0×10 4 ; Mn=11.3×10 4 ; polydispersity=10.5; particle size: 75 µm or less; degree of etherification: 0.7-0.8; Wako Pure Chemical Industries, Osaka, Japan) and PVM-MA (Lot No: MKBP4375V; M w=21.6×10 4 ; Mn=8.0×10 4 ; polydispersity=2.7; particle size: 8.2 µm; Sigma-Aldrich, St. Louis, MO, USA) were used in this study. Both are water-soluble polymers and generally included in powder-type DA. Five types of DA were made by mixing these polymers: 100%CMC-Na/0%PVM-MA, 75%CMC-Na/25%PVM-MA, 50%CMC-Na/50%PVM-MA, 25%CMC-Na/75%PVM-MA, and 0%CMC-Na/100%PVM-MA (by weight). Ten grams of each DA were mixed with distilled water at 4 P/W ratios, namely 0.125, 0.250, 0.375, and 0.500, for 30 s using an automatic mixer (Super Rakuneru Fine, GC, Tokyo, Japan).
Adhesion strength
The measurement of adhesion strength was performed using a previously described method 28) . Each tested DA was placed between acrylic resin plates and its adhesion strength was measured using a compact table-top universal tester (EZ Test/CE, Shimadzu, Kyoto, Japan, Fig. 1 ). A pressure-sensitive shaft with a circular base and a diameter of 20.0±0.5 mm was prepared using acrylic resin (Acron, GC), according to ISO specification 10873 4) , then fixed into position in the load detector of the universal testing machine. The sample holder, also made of acrylic resin, had a hole with a diameter of 22±1 mm and a depth of 0.5±0.1 mm. The surfaces of the pressure-sensitive shaft and the sample holder were abraded with 1000-grit silicon-carbide paper.
Two DA layer thicknesses were used, namely 0.1 and 0.5 mm. After mixing, the tested DA was immediately placed on the sample holder using a syringe and its surface was flattened. Then, a layer thickness of 0.1 or 0.5 mm was applied. Following the completion of Table 1 Three-way ANOVA for adhesion strength of powder-type denture adhesives based on CMC-Na and PVM-MA 
Initial viscosity
The initial viscosity of each tested DA was measured using a controlled-stress rheometer (AR-G2, TA Instruments-Waters LLC, New Castle, DE, USA, Fig.  2) . A parallel plate with a diameter of 20 mm was used. The gap between the plates was 1,000 µm. A solvent trap was utilized to prevent evaporation of water from the DA. Measurements were performed at a shear rate of 0.1 to 100 s −1 at 23±1°C. A viscosity at 1.0 s −1 was used for comparison.
Statistical analysis
Comparisons of adhesion strength were performed using 3-way analysis of variance (ANOVA). The contribution ratios (ρ) of DA layer thickness, weight ratio of CMC-Na to PVM-MA, and P/W ratio, as well as their interactions, were determined. Comparisons of initial viscosity were performed using 2-way ANOVA. The contribution ratios (ρ) of the weight ratio of CMC-Na to PVM-MA, and P/W ratio, as well as their interactions, were determined. Regression analysis was used to determine the correlation between 2 values (adhesion strength and initial viscosity) and 2 factors (weight ratio of CMC-Na to PVM-MA and P/W ratio). The level of statistical significance for all tests was set at p<0.05. SPSS Statistics 17.0 was used for all statistical analyses.
RESULTS
Adhesion strength
The results of 3-way ANOVA indicated that all examined factors had a significant influence on adhesion to acrylic resin for the powder-type DA based on CMC-Na and PVM-MA (p<0.0005, Table 1 ). The contribution of the weight ratio of CMC-Na to PVM-MA was highest (ρ=59.1%), followed by those of the P/W ratio (ρ=19.8%) and DA layer thickness (ρ=8.3%). The influences of the weight ratio of CMC-Na to PVM-MA and P/W ratio on adhesion strength are shown in Figs. 3 and 4 , respectively, for DA layer thicknesses of 0.1 and 0.5 mm. The adhesion strength for nearly all of the examined DA increased with increasing percentage of CMC-Na and P/W ratio. The adhesion strength for a DA thickness of 0.5 mm was lower compared to that for 0.1 mm. The DA consisting of only CMC-Na showed the highest adhesion strength, greater than 60 kPa for a 0.1-mm gap, whereas that consisting of only PVM-MA had the lowest adhesion strength, 1 kPa or lower. We were able to apply polynomial approximation to all relationships between adhesion strength and both percentages of CMC-Na and P/W ratio with high correlation coefficients (r=0.9530-0.9982, p<0.0005) in the regression analysis, except for the DA containing only PVM-MA. The correlation coefficient of the DA containing only PVM-MA for the 0.1-mm gap was quite small (r=0.5776, p=0.032) and that for 0.5 mm did not show a significant relationship.
Initial viscosity
The results of 2-way ANOVA indicated that all examined factors had a significant influence on initial Table 2 ). The contribution of the weight ratio of CMC-Na to PVM-MA was highest (ρ=42.2%), followed by that of the P/W ratio (ρ=37.7%), suggesting that the former has more influence on viscosity than the latter. The influence of the P/W ratio on initial viscosity was higher than that on adhesion strength. The influences of the weight ratio of CMC-Na to PVM-MA and P/W ratio on viscosity are shown in Figs. 5 and 6, respectively. The viscosity of all DA increased with increasing percentage of CMC-Na and P/W ratio. A positive linear relationship was found between viscosity and both percentages of CMC-Na and P/W ratio (r=0.7686-0.9853, p<0.0005), except for 0%CMC-Na/100%PVM-MA. The viscosity of 100%CMC-Na/0%PVM-MA was higher than that of 0%CMC-Na/100%PVM-MA for all P/W ratios.
Relationship between adhesion strength and initial viscosity
The relationship between adhesion strength and initial viscosity for the powder-type DA is shown in Fig. 7 . The initial viscosity and adhesion strength for all DA are plotted on the horizontal and vertical axes, respectively. For low initial viscosities, adhesion strength increased with increasing initial viscosity. However, for high viscosities, adhesion strength became almost independent of initial viscosity.
DISCUSSION
The results show that the weight ratio of CMC-Na to PVM-MA and P/W ratio influence the adhesion strength and initial viscosity of powder-type DA. A higher percentage of CMC-Na and a higher P/W ratio led to higher viscosity. Furthermore, nearly all DA with a higher percentage of CMC-Na and a higher P/W ratio had higher adhesion strength. For effective use, DA require certain characteristics, such as high strength of adhesion to the prosthesis, suitable viscosity, high biocompatibility, suitable pH level, high stability, and good washability. It was previously reported that a larger denture intaglio surface, better fit between the denture and the denturebearing mucosa, higher hydrophilicity of the resin, and higher viscosity and larger amount of saliva lead to stronger adhesion to the denture base resin 30) . In the present study, the strength of adhesion to acrylic resin and viscosity, which influences adhesion strength, were evaluated because the clinical efficacy of DA, in terms of masticatory function, occlusal force, and satisfaction of denture wearers, highly depends on these properties. The adhesion strength and viscosity greatly influence denture retention and stability, as well as the fit between the denture intaglio surface and the denture-bearing mucosa. Viscosity affects DA manipulation when DA is applied by the user and spread under the denture intaglio surface.
We measured adhesion strength using a method for which the DA thickness is kept constant prior to tensile measurements, as described in a previous study 28) , but did not apply a constant load. DA thicknesses of 0.1 and 0.5 mm were used; these values have been observed for well-and ill-fitting dentures, respectively 31) . The P/W ratio in the present study ranged from 0.125 to 0.500. Although no information regarding the P/W ratio applied by users is available, a ratio of 0.250 is given in ISO specification 10873 4) . Furthermore, our preliminary experiment of sensory evaluation demonstrated that P/W ratios from approximately 0.12 to 0.45 would likely be the appropriate range. Thus, P/W ratios of 0.125 to 0.500 were used. We found that adhesion strength decreased with increasing DA layer thickness, indicating that the strength of adhesion to an ill-fitting denture is lower than that to a well-fitting one. Furthermore, our results demonstrated that the DA layer between the denture intaglio surface and the denture-bearing mucosa should be thin to improve retention. A previous study on denture retention showed that the adhesion strength between two disks, F, is given by F=(2πa 2 cosθ/h+3ηπa 4 /2h 3 ×dh/ dt)×10 −3 , where a is the radius of a disk; θ is the receding contact angle, and h is the thickness of the liquid layer between the two disks 30) . This equation shows that the adhesion strength decreases with increasing DA layer thickness, which is consistent with the results obtained in the present study. It is presumed that a thicker DA layer would lead to cohesive failure relatively compared to adhesive failure. The lateral deformation that occurs during the tensile test in specimens with a thick layer is greater than that in those with a thin layer 32) . The lateral deformation concentrates the force in the area of reduced diameter, which causes the bond of DA to acrylic resin to fail earlier in specimens with a thicker DA layer for a given load. Patients should apply only the minimum amount necessary to produce a thin layer and they must bite the denture sufficiently hard in order to thinly spread the DA.
CMC-Na and PVM-MA were chosen for the present study because they are widely used as fundamental components in powder-type DA. Karaya gum is used in some powder-type DA. However, karaya gum-based DA have a lower pH value (approximately 4.5 to 4.7) than that of DA with CMC-Na and PVM-MA 33) . The pH value of karaya gum-based DA is lower than the critical pH of enamel; the use of such DA might thus lead to decalcification. Karaya gum is therefore unsuitable for DA. CMC-Na and PVM-MA contain several types of polar group (e.g., ionic, hydroxyl, amino, amide, and ether groups) that have strong interaction with water molecules. CMC-Na is one of the most commonly used water-soluble polymers and is very safe 34, 35) . PVM-MA is also commonly used in commercial products including DA.
Although the demand for DA is increasing with increasing intractable cases of dentures, there is a lack of ideal powder-type DA that have high strength of adhesion to the denture base and stable viscosity regardless of added water. Our results show that a higher percentage of CMC-Na and a higher P/W ratio tended to result in higher adhesion to acrylic resin, and that the effect of the weight ratio of CMC-Na to PVM-MA was much greater than that of the P/W ratio, as indicated by the contribution ratios obtained from ANOVA. Furthermore, we found that a higher percentage of CMC-Na and a higher P/W ratio led to greater viscosity. The effect of the weight ratio of CMC-Na to PVM-MA was larger than that of the P/W ratio. The DA consisting of only PVM-MA had lower adhesion strength and viscosity. DA containing a higher percentage of CMC-Na had higher initial viscosity because the viscosity of the mixture of CMC-Na and water is greater than that of PVM-MA and water. Although greater force is necessary to separate materials with higher viscosity from acrylic resin, as shown in a previous study 30) , it is necessary to consider the time-dependence of viscosity in clinical settings.
Based on these findings, DA containing a higher percentage of CMC-Na and higher powder content should lead to higher denture retention and stability. However, even though DA with high viscosity tended to have higher adhesion strength, the adhesion strength of the DA with the highest viscosity (100%CMC-Na/0%PVM-MA, P/W ratio: 0.500) (13,712±988 Pa . s) was lower than those of DA with lower viscosity (100%CMC-Na/0%PVM-MA, P/W ratio: 0.375, 75%CMC-Na/25%PVM-MA, P/W ratio: 0.500, and 75%CMC-Na/25%PVM-MA, P/W ratio: 0.375). It was also found that an excessively high DA viscosity was associated with a reduction in the strength of adhesion to acrylic resin. These results indicate that DA with an initial viscosity of approximately 9,500 to 10,000 Pa . s at 1.0 s −1 will have the highest adhesion strength. This information is useful for suggesting the amount of powder to use and how to apply the powder and water to obtain adequate viscosity. The obtained relationship between the properties and weight ratio of CMC-Na to PVM-MA can be used to develop DA with clinically effective adhesion strength and viscosity.
CMC-Na and PVM-MA are included in many DA. Although CMC-Na plays a major role in the increase of viscosity and adhesion strength in the initial stage, its efficacy can decrease over time due to dissolution. PVM-MA, which is less soluble in water 29) , may help to maintain the initial properties of the DA for an extended period. Further study of the relationship between composition and durability is necessary.
From the viewpoint of manipulation by denture wearers, DA with a lower initial viscosity are preferred, because they can be spread uniformly onto the intaglio surface of the dentures when applied, avoiding malocclusion. DA with an excessively high viscosity, such as liner type DA, can increase the occlusal vertical dimension and cause unbalanced occlusion of dentures, leading to resorption of the residual ridge 22) . However, from the viewpoint of the strength of adhesion to the denture, DA with higher viscosity are preferable, because high viscosity leads to higher adhesion strength. Our previous study demonstrated that commercially available DA have an adhesion strength of approximately 4 to 14 kPa when measured using the method used in the present study at a DA thickness of 0.5 mm 28) . The adhesion strength values of the DA prepared in the present study covered the range of 4 to 14 kPa. Although adhesion strength requirements are specified in ISO specification 10873 4) , a suitable viscosity for manipulation by patients has not yet been determined. In addition, the behavior of DA in the mouth has not been determined. An investigation using sensory analysis of patients and dentists and an investigation on the influence of temperature on some properties are necessary to determine clinically suitable rheological properties for DA. Furthermore, viscosity and the strength of adhesion to acrylic resin in clinical settings are influenced by time when deformation is applied. An analysis of the relationship between the clinical behavior of DA and time is necessary for a rigorous evaluation.
One of the advantages of powder-type DA is that patients can adjust viscosity via the addition of water to the powder; however, this is rather difficult to effectively perform. An ideal powder-type DA would have high adhesion strength when used in small amounts and have properties that are not influenced by the amount of added water. The present findings should contribute to the development and improvement of both powder-and cream-type DA.
